This study used 320-row area detector computed tomography (320-ADCT) to determine whether kinematic swallowing events and bolus movement through the oropharynx are affected by bolus consistency and angle of recline. Fourteen healthy adults (4 men, 10 women; age, 22-90 years) underwent 320-ADCT assessment during three 10-mL barium swallow tests, with honey-thick liquid at 60° recline (60°thick), thin liquid at 60° recline (60°thin), and thin liquid at 45° recline (45°thin). The times of swallowing events were measured and compared among the different tests. Bolus propulsion, onset time of true vocal cord (TVC) closure, and upper esophageal sphincter opening were significantly earlier for 60°thin than for 60°thick. Onset time did not significantly differ between 60°thin and 45°thin; however, greater variability was noted for onset of TVC closure with 45°thin, as the TVC started to close before onset of swallowing in 30% of participants. Modulation of TVC closure depends on bolus transport in different reclining positions. The 45° reclining position elicited preswallow TVC closure in some participants, which suggests that excessive recline can increase perceived risk of airway invasion during swallowing.
Introduction
The safety of swallowing is maintained by preventing aspiration during laryngeal closure [1, 2] . Therefore, accurate evaluation of laryngeal closure is important for patients with eating dysphagia. Videofluoroscopic (VF) examination has been the recent gold standard for evaluating swallowing function [2] . Because VF yields only two-dimensional data, estimation of three-dimensional (3D) swallowing dynamics is necessary; however, the objectivity and reproducibility of such assessments are challenging [3] [4] [5] .
Protecting the airway is a primary function of pharyngeal swallow when transporting a bolus [6] . Laryngeal closure is essential in airway protection and is characterized by coordinated movement of the true vocal cords (TVC), the laryngeal vestibule (LV), and epiglottis, which depends on the muscular sphincter mechanism and valvar mechanism [7] . Evaluation of laryngeal closure thus requires 3 events. However, no conventional modality can visualize all the 3 events unitarily. VF visualizes LV closure and epiglottis inversion but cannot accurately visualize TVC [8] . Videoendoscopy (VE) can visualize all 3 components before swallowing but not during swallowing, because of whiteout. The recently developed 320-row area detector computed tomography (320-ADCT) has enabled 3D visualization of swallowing, including visualization of TVC motion during swallowing, LV closure, and epiglottis inversion.
Using 320-ADCT, the present authors previously analyzed and compared laryngeal closure with thin and thick liquids [9] . That study described the response to earlier bolus flow with thin liquid and found that only the TVC was adjusted to close earlier. This finding suggests that the TVC adapted to bolus consistency and acted independently from the other 2 components (the LV and epiglottis). Because the participants were blinded to the consistency of the liquid, this TVC modulation to bolus consistency appears to be a form of anticipatory control from oral sensation. Additionally, the recline during scanning (45°) might have affected TVC adjustment. A reclined posture makes the oral cavity more sensitive to holding a bolus, and this might elicit a protective response from the TVC. However, this effect could not be analyzed because the 45° recline was the only option for scanning. With the development of 320-ADCT, the degree of recline in the scanning posture can be adjusted from 45° up to 60°, which is closer to the upright position.
The reclining position is often used clinically to prevent aspiration and improve bolus transfer for patients with dysphagia [10] [11] [12] . This posture makes swallowing safe and efficient by utilizing gravity. During recline, the front of the oral cavity is raised and the back is lowered, thereby easing transport of the bolus from the oral cavity to the pharynx. Simultaneously, the force of gravity is decreased in the pharynx, and the respiratory tract is located above the esophagus. The bolus is likely to slide down the posterior wall of the pharynx with decreased speed, minimizing aspiration [11] . Several studies have reported the effect of the reclining position on swallowing movement using VF, VE, and electromyography [10, [12] [13] [14] [15] [16] ; however, research results are not consistent. Johnsson et al. [13] demonstrated that the total swallowing duration, oral and pharyngeal transit time, pharyngeal peristaltic amplitude and duration, length of the bolus in the pharynx, and excursions of the hyoid and larynx were unaffected by body position. However, Shiino et al. [15] studied involuntary swallowing using electromyographic (EMG) activity and VE and noted longer latency, EMG burst duration, whiteout time representing pharyngeal swallowing duration, and time interval between the peak and offset of the EMG burst with a greater reclining angle. The reason for these differences is that VF, VE, and EMG cannot accurately observe the bolus movement and kinematic events of the oropharyngeal structures occurring during swallowing. Furthermore, only a few studies have reported on the effect of reclining position on laryngeal closure.
This study used 320-ADCT to determine whether adjustment of laryngeal closure and other swallowing events are affected by angle of recline and to examine whether the effect of bolus consistency at a 45° recline was similar to that observed at a 60° recline.
Materials and Methods
The study participants were 14 healthy volunteers (4 men, 10 women; mean age ± SD, 42 ± 19 years). All participants provided oral and written informed consent for the study, as well as for the risk of radiation exposure detailed in the protocol approved by the Institutional Review Board of Fujita Health University (HM16-135).
Tomei Brace Co., Ltd., Seto, Japan)-was placed at the posterior opening of the CT tube ( Fig. 1 ). Scanning with the 320-ADCT was performed during three 10-mL barium (5% w/v) swallow tests, with honey-thick liquid (5% w/v, 1,700 mPa) at 60° recline (tilted 30° from upright position; "60°thick"), thin liquid (5% w/v, 2 mPa) at 60° recline ("60°thin"), and thin liquid at 45° recline (tilted 45° from upright position; "45°thin"). Each bolus was administered to the participants through a syringe. The consistency of the thick liquid was adjusted with a thickening agent (Neo High Toromeal; Foodcare Inc., Sagamigahara, Japan). Participants were instructed to swallow the liquids by an examiner who stood beside the CT scanner. Scanning was performed in sequence, with a 3.3 s duration for each trial. The order of the 60°thick, 60°thin, and 45°thin swallow tests was randomly selected and blinded for each participant.
The scanning parameters were a field of view of 240 mm and tube voltage/current of 120 kV/40 mA. The scanning range was 160 mm from the skull base to the upper esophagus. The CT dose index for one swallow was estimated as 34.7 mGy, and the dose-length product was 554.9 mGy [17] . The effective dose was 3.24 mSv (1.08 mSv × 3 swallows), which is about 3 times the dose used in a clinical VF swallowing study (1.05 mSv) [17] . CT images were reconstructed in 33 phases, at an interval of 0.1 s (10 images/s), with a half reconstruction method. Multiplanar reconstruction (MPR) and 3D volume-rendered images were created by using the software for the CT scanner [18] .
Measurements
The kinematic swallowing events of velopharyngeal closure, hyoid bone anterosuperior elevation, epiglottis inversion, LV closure, TVC closure, and upper esophageal sphincter (UES) opening, and the timing of bolus movement through the oropharynx, were measured frame by frame by using MPR images in accordance with the definitions of a previous study ( Table 1 ). The reference time (time zero) for the timing measurements was defined as one frame before the onset of rapid anterosuperior movement of the hyoid bone. The onset and termination time of each event was calculated relative to this reference time, and the sequence of events was analyzed.
Statistical analyses
The onset and end times of the structures for 60°thick or 45°thin were compared to those of 60°thin by using the Wilcoxon signed-rank test, with statistical significance set at P < 0.05. Each measurement was performed by 3 researchers (HT, IY, and KA). When the investigators' ratings did not agree, the items were remeasured until full agreement was reached for all measurements. Statistical analyses were performed by using SPSS Statistics 22 (IBM Corp., Tokyo, Japan). ig. 1 A 320-row area detector computed tomography device was used. The Offset-Sliding CT Chair-a seating device specially designed for use in examining swallowing movement-was placed at the posterior opening of the CT tube. With the recent development of 320-ADCT, a recline of 45° to 60° can be used during scanning.
Results
All participants started swallowing without any difficulty after receiving the examiner's instruction. MPR and 3D-CT images were reconstructed in 33 phases at an interval of 0.10 s, and temporal measurements were performed by using the reconstructed images (Fig. 2) . Figure 3 shows the sequence of the average onset of events. Figure 4 and Table 2 show the comparisons between 60°thick and 60°thin and between 45°thin and 60°thin.
Event sequences

Comparisons
Comparison of the 60°thick and 60°thin groups
The bolus head reached the valleculae (VAL), hypopharynx (HYP), and esophagus (ESO) areas at 0.11 ± 0.09, 0.24 ± 0.09, and 0.29 ± 0.07 s, respectively, for 60°thick, and at 0.01 ± 0.11, 0.11 ± 0.07, and 0.21 ± 0.05 s, respectively, for 60°thin. The times were significantly later for 60°thick than for 60°thin (P = 0.007, 0.003, and 0.005, respectively).
In the comparison of 60°thin and 60°thick, TVC closure was earlier in 10 of 14 participants. Four participants had the same timing for TVC closure between two consistencies. The mean onset times of TVC closure were 0.32 ± 0.10 s for 60°thick and 0.19 ± 0.18 seconds for 60°thin, which were significantly different (P = 0.007). In 8 of 9 participants with earlier bolus arrival to the ESO, UES opening started earlier with 60°thin than with 60°thick. The onset times of UES opening were 0.26 ± 0.06 seconds for 60°thick and 0.21 ± 0.05 s for 60°thin, which were significantly different (P = 0.021).
45°thin and 60°thin
The onset times of TVC closure were 0.11 ± 0.38 s for 45°thin and 0.19 ± 0.18 s for 60°thin. Although there was no significant difference between the liquids (P = 0.958), variability was greater with 45°thin, as the TVC started to close earlier than the onset of hyoid anterosuperior movement in 4 participants (Fig. 3) . The time of the termination of TVC complete closure was 0.97 ± 0.25 and 0.84 ± 0.15 s for 45°thin and 60°thin, respectively, which was significantly later for 45°thin than for 60°thin (P = 0.027).
The time of the end of complete closure of the velopharyngeal isthmus was 0.86 ± 0.15 and 0.79 ± 0.12 s for 45°thin and 60°thin, respectively, and was significantly later for 45°thin than for 60°thin (P = 0.032). The time of the end of maximum epiglottis inversion was 1.09 ± 0.24 and 0.99 ± 0.18 s for 45°thin and 60°thin, respectively, and was significantly later for 45°thin than for 60°thin (P = 0.048). The times when the bolus head and bolus tail reached the structures did not significantly differ. However, the time when the bolus tail reached the ESO was later for 45°thin than for 60°thin (0.76 ± 0.12 and 0.70 ± 0.11 s, respectively, P = 0.057).
Discussion
The onset time of TVC closure, opening time of the UES, and the times when the bolus head reached the VAL, HYP, and ESO areas were significantly earlier for 60°thin than for 60°thick. The time of the end of complete closure of the velopharyngeal isthmus, maximum epiglottis inversion, and TVC complete closure were significantly later for 45°thin than for 60°thin. The onset time of TVC closure did not significantly differ between the groups; however, the TVC started to close before the onset of hyoid anterosuperior movement in approximately 30% of the participants.
Inamoto et al. investigated the effect of bolus consistency on the kinematic events of oropharyngeal structures and timing of bolus movement for swallowing at a recline of 45°. Onset of TVC closure was significantly earlier with a thick bolus than with a thin bolus flow in the pharynx and esophagus [9] . The result was the same in the present study, suggesting that TVC adjustment is observed at 45° and 60° reclines. This result supports the hypothesis that the TVC has an independent mechanism of adjustment, which makes it an adaptable and decomposable component of swallowing. This voluntary adaptation mechanism seems to be important for airway protection with thin liquids, and patients with failure of this TVC adjustment may have a higher risk of aspiration. Increasing the consistency of a liquid bolus is thus an effective technique for such patients. Additionally, as a decomposable component, the TVC can be a target of exercise.
In addition to TVC adjustment, about two-thirds of the participants had a significantly earlier UES opening in response to an earlier bolus flow. This UES adjustment was not observed at a 45° recline in a previous study [9] , probably because of the difference in the route of bolus flow through the pharynx and the effect of gravity at a different reclining angle. The greater the tilt in the upright position, the more the bolus will follow the pharyngeal posterior wall because of the effect of gravity [16] . In other words, the bolus should follow more of the pharyngeal wall in the 45° reclining position than in the 60° reclining position. This factor may explain the lack of a significant difference in the times when the thin and thick boluses reached the structures at a 45° recline [9] . At a 60° recline, the onset time of UES opening may have been recognized earlier because the bolus head reached the UES earlier. Some evidence suggests that a cranial nerve mechanism or habitually acquired reactivity to properly swallow the bolus occurs in relation to the speed of bolus flow. Further research on this topic should use liquids with several consistencies. The 45°thin and 60°thin groups did not significantly differ in the onset of movement for any structure. This finding is unsurprising because there was no significant temporal difference between 45°thin and 60°thin in bolus transport to the pharynx and esophagus. A more noteworthy finding was the greater variability of the onset of TVC closure with 45°thin: approximately 30% of participants started to close their TVC before swallowing. This suggests that reclining posture may affect some individuals. Pre-swallow TVC closure was probably due to the effect of gravity in the reclining position. The effects of gravity on the oral cavity are greater at a 45° recline than at a 60° recline; thus, the oral cavity needs more protection to hold the bolus before the cue to swallow. This might elicit anticipatory pre-swallow TVC closure. At a 60° recline, gravity has less effect, which reduces the perceived risk of airway invasion.
The time of the end of complete TVC closure differed between the 45°thin and 60°thin groups for several structures. Reopening of the TVC, reopening of the velopharynx, and maximum epiglottis inversion were significantly later for 45°thin than for 60°thin. These prolongations were likely responses to the timing of the bolus tail. The bolus tail tended to reach the esophagus later with 45°thin than with 60°thin, probably because of the diminished effect of gravity at a 45° recline, which slows bolus transport. To ensure safety, swallowing kinematics were adjusted to accommodate bolus transport.
Using VE, Shiino et al. reported prolongation of whiteout duration in a reclining position [15] and, using a respiratory device, Ayuse et al. [14] reported longer SA duration at a 30° recline than in upright sitting position. However, these modalities could not identify which kinematic swallowing events of oropharyngeal structures were prolonged. Use of 320-ADCT clarified the specific structure affected by the reclining posture. A better understanding of the kinematics by which adaptation occurs during recline is essential for tailoring reclining posture as a strategy in dysphagia rehabilitation.
There are 3 clinical implications of this study. First, earlier TVC closure with thin liquid, regardless of reclining posture, suggests that increasing the consistency of the bolus liquid may be effective for dysphagia patients who lack TVC adjustment. Second, the TVC is independent of other structures and thus can be a target for rehabilitative exercises to strengthen airway protection. A recent study of volitional LV closure maneuvers found that training TVC closure can induce safe and functional swallowing behavior as an adaptable component [19] . Third, velopharyngeal isthmus closure, epiglottis inversion, and TVC closure were prolonged in a reclining position with an increased tilting angle. These responses prolong bolus transit in the pharynx. For persons who cannot maintain longer pharyngolaryngeal closure and respond to slow bolus passage, extreme reclines may increase pharyngeal residue.
This study has some limitations. First, variables such as bolus size were not examined simultaneously because the present protocol limited the frequency of scanning to 3 times per participant, to minimize the potential risks of radiation exposure. Second, the reclining angle during CT scanning was limited because only 60°, 45°, and supine positions were available. Therefore, the present results cannot be generalized to other reclining angles. However, the implications of this study are worthwhile since 60° and 45° angles of recline are frequently used in dysphagia clinics. Finally, a larger number of volunteers is necessary in order to assess potential age-and sex-related variation.
In conclusion, when swallowing a thin liquid and responding to earlier bolus flow, early TVC closure was observed at recline angles of 45° and 60°. This change in TVC motion appears to prevent aspiration, which suggests that TVC closure is modulated in relation to bolus transport and that it could be independent of laryngeal closure. A 45° reclining position elicited pre-swallow TVC closure in some participants. Thus, an extreme recline might increase the perceived risk of airway invasion for some individuals while swallowing. In addition, increasing the angle of tilt of the recline prolonged velopharyngeal isthmus closure, epiglottis inversion, and TVC closure. This might be a mechanism to adjust for bolus transport in the pharynx.
